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Abstract: Effective sustainable fish farming necessitates enhanced models that incorporate
environmental variability and contemporary monitoring methods. This research presents
an innovative framework for assessing and modeling the environmental carrying capacity
based on phosphorus (ECCp) in tropical and neotropical lakes and reservoirs. The model
evaluates phosphorus waste from tilapia farming (Oreochromis niloticus) under diverse
climatic conditions and production scenarios in cage systems. Using bioenergetic modeling
and Monte Carlo simulations, we estimated phosphorus retention in fish and maximum
production limits across different temperatures (21 °C, 25 °C, 29 °C) and dietary phospho-
rus concentrations (0.8%, 1.2%, 2.1%) in Brazil’s Chavantes reservoir. Results indicated that
phosphorus retention diminished with higher dietary phosphorus and increased temper-
atures, ranging from 51% (0.8% P) to 20% (2.1% P). Phosphorus discharge ranged from
3.3 to 20.5 kg/ton of fish produced. The ECCp model forecasted an allowable production
of roughly 40 tons per year at full operational capacity, reflecting a 41% increase compared
to current regulations. The model’s accuracy (96%) surpassed that of traditional regulatory
frameworks, which rely on static parameters, emphasizing the shortcomings of existing
practices. The findings promote enhanced modeling strategies, sophisticated monitoring,
adaptive management, and revised public policies to mitigate phosphorus emissions and
support sustainable aquaculture in tropical and neotropical regions.

Keywords: aquaculture; bioeconomy; environmental carrying capacity; Nile tilapia;
phosphorus retention; climatic and environmental scenarios; probability analysis

Sustainability 2025, 17, 5282

https://doi.org/10.3390/sul17125282


https://doi.org/10.3390/su17125282
https://doi.org/10.3390/su17125282
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7528-4832
https://orcid.org/0000-0003-3835-6216
https://orcid.org/0000-0001-5351-2219
https://orcid.org/0000-0002-8483-9967
https://orcid.org/0000-0002-8368-9055
https://doi.org/10.3390/su17125282
https://www.mdpi.com/article/10.3390/su17125282?type=check_update&version=3

Sustainability 2025, 17, 5282

20f27

1. Introduction

Aquaculture in lakes and reservoirs has experienced significant global growth, driven
by the increasing demand for fish as a protein source and the limitations of wild fisheries.
This expansion is supported by advancements in aquaculture technologies and improved
management practices [1]. In Brazil, aquaculture activities have thrived in large lakes
and reservoirs [2]. The country has emerged as a major player in Nile tilapia (Oreochromis
niloticus) production, accounting for approximately 64% of Brazil’s national output and
positioning the nation as the fourth-largest tilapia producer worldwide [34].

Although the growth of aquaculture in lakes and reservoirs has introduced notable
benefits, such as meeting the increasing demand for fish protein, concerns regarding the
release of waste into aquatic environments have also arisen [5-7]. Phosphates are among
the most concerning waste products [7]. Phosphorus, a limiting element for algal growth, is
particularly problematic in tropical and neotropical environments, where it contributes to
eutrophication [8-11]. This process leads to harmful algal blooms, oxygen depletion, and
deterioration of water quality, compromising various uses of aquatic ecosystems, including
recreation, drinking water, and fisheries [12]. Consequently, the potential negative impacts
of fish farming on natural water bodies have been magnified, particularly when considering
the legal requirements for fish production in public lakes and reservoirs [2,13,14]. In
environments with long residence times and poor water circulation, such as lakes and
reservoirs, these impacts can be more intense and extend over larger areas [15,16].

Currently, environmental agencies in Asia, South America, and several other regions lack a
standardized methodology for quantifying effluent loads from fish farming [17-20]. The lack of
proper methods for determining waste emissions complicates the aquaculture sector, as specific
measures are necessary to obtain environmental licenses and other legal authorizations for
production. Thus, aquaculture requires modern tools and instruments that facilitate effective
environmental monitoring and management to mitigate its impact throughout production [21].

To address this gap, many studies have attempted to predict aquaculture waste release
and carrying capacity in aquatic environments, primarily by focusing on phosphorus
concentrations. These studies often treat the system as a “closed production loop”, where
nutrient inputs and outputs are calculated without accounting for the varied physiological
responses of fish or the direct influence that the aquatic environment exerts on nutrient
excretion [20,22,23]. This approach risks underestimating or overestimating the true impact
of waste release, which could lead to misinformed management decisions.

In response to these limitations, technological advancements have led to the develop-
ment of mathematical models that simulate environmental impacts and enhance impact
assessment methodologies. These models are widely applied in hydrological studies of
complex systems, such as reservoirs [13,24]. However, when these models are applied to
public environments affected by aquaculture operations, caution must be exercised when
accounting for site-specific variables and conditions [25]. Moreover, developing low-cost
environmental monitoring methods is critical for implementing optimal management
practices and ensuring sustainable production, particularly in leading tilapia-producing
countries, such as Brazil and China [26,27]. This scenario highlights the necessity for mod-
eling frameworks tailored to the environmental conditions prevalent in major producing
countries, which frequently encounter challenges related to high temperatures and nutrient
dynamics in freshwater systems. In this context, the present study proposes an integrated
modeling framework that incorporates fish physiological responses to environmental fac-
tors such as water temperature and dietary phosphorus levels, aiming to improve the
accuracy of environmental carrying capacity estimates in tropical freshwater aquaculture.

Building on this approach, the present study developed a framework to apply a
new model for determining the environmental carrying capacity (ECCp) in tropical and
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neotropical lakes and reservoirs. This model is based on phosphorus release from fish
farms and its concentration in water under different neotropical climatic conditions and
production scenarios for tilapia (O. niloticus) reared in cage systems. It identifies key
attributes for managing aquaculture waste discharge, maintaining the aquatic ecosystem,
and monitoring the practices employed in fish farming.

2. Material and Methods
2.1. Study Area and Applied Methodology

This study was conducted on a commercial Nile tilapia (O. niloticus) farm using inten-
sive cage culture systems installed in the Chavantes Hydroelectric Power Plant (HPP) reser-
voir, located in the municipality of Fartura, Sdo Paulo, Brazil (23°22/46” S and 49°35'16” W)
(Figure 1). The region’s climate is humid subtropical (Cfa, according to the K&ppen climate
classification). The reservoir was selected because it hosts one of the largest tilapia produc-
tion operations in net cages in Brazil, operated by Piscicultura Cristalina, which maintains
continuous production with an average daily harvest of about 20 tons of tilapia. This scale
of production, combined with the typical conditions of tropical environments, makes the
reservoir an excellent representative model for studies of environmental carrying capacity.
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Figure 1. Geographical location of the study area in the Chavantes reservoir, Sao Paulo, Brazil,
highlighting the evaluated fish farming area. (A) Location of Brazil and the state of Sao Paulo.
(B) Dendritic morphology of the Chavantes reservoir, situated at the border between Sao Paulo
(Fartura) and Parana states. (C) Fartura region, approximate location of the fish farming facility (red
boxes). (D) Location of the study area (Cristalina Fish Farm). Source: Google Earth and elaboration
by the author.

The Chavantes reservoir is a typical storage reservoir with a dendritic shape, character-
ized by morphometric and hydrological conditions that influence its stability and seasonal
dynamics [28,29]. The reservoir spans an area of 301.78 to 402.53 km? at elevations ranging
from 465.23 to 474.00 m above sea level, with an installed power generation capacity of
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414 MW. It accumulates water for downstream flow regulation, presenting a total water
volume between 5754 and 8795 hm?, an average inflow of 321 to 400 m3/s, an average depth
reaching 90 m, and a water residence time exceeding 130 days. These values were sourced
from national databases, including the Brazilian Hydroelectric Potential Information Sys-
tem (SIPOT), the Brazilian National Electric System Operator (ONS), and the Brazilian
National Water and Basic Sanitation Agency (ANA). The complete methodological structure
adopted in this study, including data collection, modeling steps, and scenario simulations,
is summarized in the schematic representation of the ECCp framework (Figure 2).
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Figure 2. Framework of the ECCp model: methodology for modeling environmental carrying capacity
in a neotropical reservoir under different scenarios of fish production and climate conditions.

2.2. Collection of Secondary, Historical, and Environmental Condition Data

Information related to the state of Sao Paulo, the Paranapanema River Basin, the
Chavantes Hydroelectric Power Plant (HPP), and the municipality of Fartura was gathered
from official documents, regulatory processes, scientific research, and secondary data to
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verify the enterprise’s compliance with the conditions and current legislation of environ-
mental agencies. Historical zootechnical data from 178 production batches of O. niloticus
and climatic data from 2010 to 2021 from the same regions were used as inputs for the
ECCp model.

2.3. On-Site Data Collection and Laboratory Analysis
2.3.1. Water Quality

For seven months, biweekly observations of pH, dissolved oxygen, transparency, and
conductivity were conducted using a YSI Pro20i multiparameter probe (Yellow Springs
Instruments, OH, EUA) in the aquaculture area at three distinct points: the aquaculture area,
upstream, and downstream of the reservoir. Water temperature (°C) was measured weekly
on the cage surfaces (averaging 1.5 m, in five different regions of the aquaculture area,
between 11:00 a.m. and 12:00 p.m.) and in an area of at least 500 m above the water flow rel-
ative to the cultivation area as a control, following the methods applied by Fialho et al. [30].
During the same period, 32 water samples from the reservoir were collected monthly with
a Von Dorn bottle. To determine total phosphorus, samples were subjected to previous
digestion, releasing the compounds associated with organic matter as orthophosphate,
according to the persulfate digestion method (APHA, [31]—method 4500-P B5). After that,
orthophosphate was measured using the stannous chloride method (APHA [31]—method
4500-P D) with a spectrophotometer (Shimadzu UV-1800). The average values obtained
were subjected to a variance analysis, and when significant differences were identified
between the means, Tukey’s post hoc test was utilized at a 5% significance level.

2.3.2. Diet and Feeding

During an approximately 215-day O. niloticus production cycle, three commercial
feeds were utilized on the farm based on the fish’s weight: 4 mm pellets during the Juvenile
I JVI) phase, 6 mm pellets during the Juvenile II (JVII) phase, and 8 mm pellets until the
fish reached the market weight (MWt). Samples of the feeds used in all three cultivation
phases were randomly collected (300 g of each diet), labeled, preserved in thermal bags at
—10 °C, and sent to a laboratory for subsequent proximate analysis and comparison with
the values listed on commercial feed labels.

2.3.3. Zootechnical Performance

For approximately eight months (one cycle/harvest), 55 cages of 48 m> each were
monitored under an initial stocking density of ~35 kg/m? of O. niloticus, with an initial
body weight of 30 & 5.80 g and a final body weight for slaughter of approximately 850 g.
The production cycle was divided into three stages: JVI, 30-150 g; JVII, 150-500 g; and
MWt, 500-850 g. Monthly, 150 individuals were collected from each batch and production
phase to measure biometric and zootechnical performance indices, including initial and
final body weight, daily weight gain, mortality, final biomass, feed conversion ratio (FCR),
and feed efficiency (weight gain).

2.4. Measurement of Potential Waste Release into the Aquatic Environment
2.4.1. Prediction of Fish Biomass to Be Produced Through the Thermal Growth Coefficient

To accurately simulate the growth of tilapia in net pens on commercial fish farms, data
collected on-site and from the farm’s historical series were used in the thermal growth
coefficient (TGC) model [32,33]. This information included all stages of tilapia growth,
representing a complete production cycle. Growth data were analyzed using the TGC
model, which considers a fixed body weight (I — b = 0.3333) and non-fixed exponents
(Equation (1)). This exponent represents an allometric correction to account for differences
in metabolic growth scaling with body weight, ensuring the comparability of growth
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rates across various fish sizes. Body weight exponents were adjusted according to the
recommendations of Dumas et al. [34].

rBW(-b) _ 1pw(1-b)

TGC = X x 100 (1)

where IBW and FBW are the initial and final body weights (g/fish), respectively, d is the
number of cultivation days, and T is the water temperature (°C). The FBW was calculated
by reorganizing Equation (1) into the corresponding model shown below (Equation (2)):

TGC x (Txd)]}[ulbﬂ 2

_ (1-b)
FBW {IBW + { 100

The model was adjusted using the sum of squares of residuals (RSS) function to assess
the accuracy of the average body weight (ABW) predictions provided by the TGC model
with values observed in the field. The model calibration considered all ABW observations
made during the different production phases.

The RSS values allowed a comparison of the TGC model’s performance, allowing
the ideal exponent to be identified. Thus, the model could be adequately adjusted to
the temperature and metabolic conditions of the tilapia in each production phase of the
analyzed fish farm.

2.4.2. Nutritional Bioenergetics Modeling to Define the Potential Phosphorus Release into
Water from Aquaculture

The simulation of phosphorus load released into the water from aquaculture was
calculated using factorial bioenergetics modeling [33], assuming the production values of
Nile tilapia reared in cage systems within a neotropical environment [20]. Basal metabolism
(HeE) was calculated according to Cho and Bureau [33], using Equation (3):

HeE = (a+ bT) x BW%® (3)

where HeE represents the fish’s basal metabolism (kJ/fish/day), a and b are empirical
coefficients dependent on temperature (T in °C), and BW’?® indicates the fish’s metabolic
body weight (g), based on allometric relationships. Subsequently, the caloric increment of
feeding (HiE) was estimated using 70 observations from 40 studies published between 1989
and 2015, as presented by Chowdhury et al. [35]. The values calculated by Bueno et al. [20]
for O. niloticus reared in cage systems in a neotropical reservoir [20] were used, as shown
in Equation (4).

HiE = EI - FE — RE — (UE+ ZE) — HeE 4)

where EI (kJ/fish) represents the energy intake, FE the feces (kJ/fish), RE the retained
energy, and UE + ZE the urinary and branchial excretion (kJ/fish).

The total waste (solid and dissolved) released through aquaculture, including feed
leftovers, feces, and urine, resulting from the feeding process during production, was then
estimated using the following Equations (5) and (6).

TSW = DM ingested x (1 — ADC) (5)

where TSW is the total solid waste, DM the dry matter, and ADC the apparent digestibility
coefficient of phosphorus.

DPW = (P ingested x ADC) — P retained (6)
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where DPW refers to the dissolved phosphorus waste, and P indicates the phosphorus
ingested and retained. Thus, the energy and nutrient flux in the studied aquaculture system
was determined by applying specific values to the Nile tilapia raised in this reservoir [20].

2.4.3. Simulation of Tilapia Production Waste Load Under Different Climatic Scenarios

Using the zootechnical data and waste estimation obtained from the TGC along with
bioenergetics modeling, a simulation of the waste load from tilapia production in the
Chavantes reservoir was conducted under different climatic scenarios. The following
variables were used to compose the scenarios:

(@) Commercial diets with low, medium, and high energy densities and different levels of
phosphorus (0.8%, 1.2%, and 2.1% total P)
(b) Different water temperature conditions (21 °C, 25 °C, and 29 °C)

2.5. Determination of Environmental Carrying Capacity Based on Phosphorus Concentration in
Water During Tilapia Production Under Different Climatic, Zootechnical, and
Environmental Scenarios

Based on the morphometric characteristics and hydrological data of the Chavantes
reservoir, ECCp scenarios were developed by simulating the maximum allowable phospho-
rus load (kg/year) and fish production (tons/year) using the hydrodynamic model [36].
This simulation incorporated phosphorus waste estimates derived from bioenergetic mod-
eling, as outlined by Bueno et al. [2].

In developing the scenarios, various operational hydrological situations of the reser-
voir (maximum, average, and minimum) were considered, utilizing morphometric and
hydrological data provided by the Brazilian Hydroelectric Potential Information System
(SIPOT). These data included elevation (m), area (km?2), volume (hm?), average flow (m3/s),
residence time (years), and water renewal rate (years_l). Additionally, standardized
zootechnical data obtained from the Brazilian National Water and Basic Sanitation Agency
(ANA) for tilapia production were incorporated, such as the phosphorus content in feed
(1.0%), phosphorus retained in fish (9.38 kg/ton), phosphorus released into the water
(6.62 kg /ton), and the feed conversion ratio (1.6). Considering the input data and model
used to calculate the carrying capacity of the aquatic environment [36,37], these scenarios
were referred to as SIPOT Standard scenarios. (Figure 3).

Moreover, as the Chavantes reservoir is large and has distinct characteristics along
its length, specific scenarios were developed for the Fartura—SP region (Fartura—A.R.),
where the aquaculture area of this study is located. Therefore, a survey of the morphometric
and hydrological data of the Chavantes HPP was conducted using historical series from
the Brazilian National Interconnected System (SIN/ONS), ANA [38], and scientific studies
conducted in the Fartura region [29].

Furthermore, these scenarios were developed with input from zootechnical and envi-
ronmental data, including variations in water temperature observed in aquaculture and
data on phosphorus release into the water based on the feed used, which were obtained in
the current study through simulation of the tilapia production waste load.

To define the ECCp, the phosphorus concentration in water ([P], mg/m?®) was con-
sidered a function of the annual areal phosphorus load (La, mg/m?/year), phosphorus
retention coefficient (R), mean depth (z, meters), and annual water renewal rate (p, years)
of the reservoir (Equation (7)).

_ Lax(1-R)
(zxp)

where z is calculated by the ratio between the volume and area of the water body, p is calcu-

[P] )

lated by the ratio between the average flow and maximum volume of the reservoir, and R is
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the phosphorus retention coefficient derived from the study conducted by Straskraba [39],
as obtained through Equation (8) below:

R = 0.761 x (1 _ exp(70.0282><(td><365))> ®)

where td is the water residence time in the reservoir (years). The parameter of phos-
phorus concentration in Equation (7) refers to A[P], which is the increase in phosphorus
concentration in the water for a given load La through Equation (9) below:

(A[P] x z x p)

La = 1-R)

©)
where A[P] is given by the current concentration of P in the reservoir water subtracted from
the maximum concentration allowed by Brazilian legislation (CONAMA Resolution No.
357/2005 [40]). From the maximum allowable A[P], the maximum allowable La can be
calculated as the amount of phosphorus added to the water (Equation (9)).
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Figure 3. The environmental carrying capacity based on phosphorus (ECCp) model simulations for
tilapia farming incorporates various scenarios. These scenarios combine three different reservoir
water levels (maximum, medium, minimum), standardized zootechnical parameters from the ANA
Model, as well as various combinations of water temperatures (21 °C, 25 °C, 29 °C) and phosphorus
levels in feed (0.8%, 1.2%, 2.1%).

The annual La in the reservoir was calculated considering a A[P] of 5 mg/m3 in the
function (Equation (11)). This value was defined by the weight given to the maximum
increment of 1/6 of the phosphorus concentration allowed by the CONAMA [40] for Class
II water bodies, which include aquaculture activities, corresponding to 5 mg phosphorus
per m? of water [41]. The remaining 5/6 phosphorus concentration was allocated to other
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uses where phosphorus inputs occurred, such as diluting domestic and industrial sewage,
as well as natural inputs.

Next, the allowable phosphorus load in the entire reservoir (L, mg/year) was deter-
mined using La, which denotes the maximum permissible phosphorus load per m?, by
multiplying that value by the water surface area (A, m?) of the reservoir (Equation (10)).
Then, Lr (kg/year) was computed using Equation (11), where V (hm3) represents the
volume at the specified elevation.

Lr=Lax A (10)
_ (A[P[ XV xp)
Lr = (1—R) (11)

Subsequently, Lr was converted into the allowable annual fish production (B,
tons/year) by estimating the proportion of P in the water (Pw) obtained through bioener-
getics modeling for each ton of fish produced (Equation (12)).

Ly

B= - (12)

2.6. Assessment of the Water Body’s Trophic State Index (TSI) During Aquaculture Production

Using the obtained values for phosphorus load and concentration in the water, the
ECCp model approach was enhanced by classifying water bodies into different trophic
states. This enabled the evaluation of water quality concerning nutrient enrichment, such
as total phosphorus (P), represented by Equation (13), which is a linear transformation of
Carlson’s [42] values, modified by Kratzer and Brezonik [43]. Consequently, the water body
was classified into trophic states: ultraoligotrophic, oligotrophic, mesotrophic, eutrophic,
and hypereutrophic, based on Carlson’s [42] index.

ILn (%8
TSI (Pt) =10 x {6 — 11(1%)} (13)

Ln (2)

where Pt is the total phosphorus concentration measured at the water surface, in pg-L ™1,
and Ln represent the natural logarithm.

According to the classification [42], the Trophic State Index (TSI) categorizes water
bodies based on their nutrient status and primary productivity. TSI values below 20 indicate
ultraoligotrophic conditions, characterized by extremely low nutrient levels and primary
productivity. Values between 21 and 40 correspond to oligotrophic systems, typically
characterized by low nutrient concentrations and high water transparency. When TSI
values range from 41 to 50, the water body is classified as mesotrophic, indicating moderate
levels of nutrients and productivity. Eutrophic conditions are identified when TSI values
fall between 51 and 60, suggesting high nutrient availability and the potential for algal
blooms. Finally, TSI values exceeding 61 indicate hypereutrophic conditions, characterized
by excessive nutrient enrichment and a high risk of ecological imbalance, including oxygen
depletion and harmful algal blooms.

2.7. Analyses for Decision-Making and Management of Water Use Permits for Tilapia Production
in the Chavantes Reservoir

Probability of ECCp Scenario Occurrence Using Monte Carlo Simulation

The final stage of the ECCp model involved applying a Monte Carlo simulation (MCS)
to estimate the probability of the ECCp scenario occurring according to the operational
status of the reservoir. The @RISK 7.6 Professional software (Palisade Corporation, Ithaca,
NY, USA; registration ID number 7112268) was integrated with the ECCp model to create a
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Stochastic Variables

decision-making map regarding the probability of the scenarios occurring. The likelihood
of the occurrence of maximum fish production (B) and phosphorus released into the
water (Pw) (stochastic output variables) was estimated using 10,000 iterations. For all
scenarios, the input stochastic variables were defined as the maximum reservoir load, water
temperature, phosphorus content in the feed, and digestible phosphorus (Table 1). These
variables were determined based on the information required by the ANA [38] to calculate
the reservoir’s carrying capacity and obtain water use permits for aquaculture purposes.

Table 1. Stochastic input variables in the Monte Carlo simulation (MCS) and the type of value
distribution for all evaluated production scenarios.

Values
Distribution

Minimum Maximum

ECCp Standard SIPOT (kg fish biomass/year)

Uniform

210,697.50 263,258.87

ECCp Fartura—A.R. (kg fish biomass/year) 112,156.34 263,899.58 Uniform
Water temperature (°C) 20 30 Triangular
Total phosphorus content in feed (%) 0.83 212 Triangular
Digestible phosphorus content in feed (%) 0.53 1.22 Triangular

SIPOT = Brazilian Hydroelectric Potential Information System; A.R. = Accumulation Reservoir.

Following this, the MCS was performed through interactions among these stochas-
tic variables for each output variable [44,45], according to the stochastic probability in
Equation (14) below:

b
/ f(xq1, x2,x3...x;) x = probability {a < x > b} (14)
a

where f is the probabilistic function, x (1, 2, 3, .. ., k) the stochastic output variables, and a
and b the probability interval of occurrence for Bk and Pak, respectively.

The Monte Carlo simulation used in this study assumed independence among the
stochastic variables, adequately represented variability through defined probability distri-
butions, and achieved sufficient statistical convergence with 10,000 iterations.

3. Results
3.1. Secondary Data, Historical Records, and Environmental Conditions

The most essential parameters for environmental monitoring in the field, both before
implementation of the enterprise and during aquaculture production in Union waters,
were dissolved oxygen, total phosphorus, nitrogen, pH, chlorophyll, turbidity, and reser-
voir depth, following the recommended values established by Brazilian environmental
regulations, specifically the CONAMA [40].

Additionally, information was gathered about the environmental conditions required
by State Environmental Agencies (OEMAS) for the environmental licensing process related
to waste from fish production in Union waters—lakes and reservoirs [46].

3.2. On-Site and Laboratory Data
3.2.1. Water Quality

The water quality variables collected during Nile tilapia production in the Chavantes
reservoir indicated that limnological parameters remained within the limits recommended
by the CONAMA [40] for intermediate lentic environments. The average values for dis-
solved oxygen, total phosphorus, and pH were 8.7 mg/L, 40.5 mg/m?, and 7.3, respectively,
while the water temperature ranged from 21.5 to 29.2 °C.
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3.2.2. Diet and Feeding

The three diets employed during the tilapia production cycle in the aquaculture system
consisted of medium-energy density feeds that contained approximately 31% crude protein,
90% dry matter (DM), 1.2% total phosphorus, and 16 M]/kg gross energy (Table 2).

Table 2. Low-, medium-, and high-energy density feeds with different phosphorus levels were used
to simulate the release of waste into the aquatic environment.

Industry Values
Low-Energy . . . . 0 DP P . GE DE
Density Feed TGC Exp DM (%) DDM (%) CP (%) (%) (%) DP (%) MJ/kg)  (MJ/kg) DP/DE
Juvenile I 1.147 0.533 90.69 53.76 39.53 32.16 0.83 0.53 1591 11.25 28.59
Juvenile IT 12.870 0.950 90.22 59.93 31.89 25.24 0.87 0.49 17.70 13.67 18.46
Market weight 19.123 0.853 89.37 61.68 23.65 21.03 0.85 0.49 16.34 11.67 18.03
Medi Industry Values
ey . . , . ) DP ; . GE  DE
density feed TGC Exp DM (%) DDM (%) CP (%) %) P (%) DP (%) (MJ/kg)  (MJ/kg) DP/DE
Juvenile I 1.147 0.533 90.27 67.66 31.40 28.10 1.24 0.71 16.91 13.05 21.53
Juvenile IT 12.870 0.950 89.94 60.98 31.08 27.72 121 0.69 16.49 12.50 2217
Market weight 19.123 0.853 90.27 67.53 31.33 27.97 1.28 0.74 16.53 16.53 16.92
q Industry Values
ngh:energy " n " " " DP " " GE DE
density feed TGC Exp DM (%) DDM (%) CP (%) (%) P (%) DP (%) MJ/kg)  (MJ/kg) DP/DE
Juvenile I 1.147 0.533 91.24 63.52 39.71 35.35 2.12 1.22 17.57 12.89 27.43
Juvenile IT 12.870 0.950 91.21 62.41 35.58 31.35 211 1.22 16.96 12.48 25.11
Market weight 19.123 0.853 91.65 59.15 26.51 22.36 2.09 1.11 16.96 11.48 19.47

TGC = thermal growth coefficient; Exp = exponential; DM = dry matter; DDM = digestible dry matter; CP = crude
protein; DP = digestible protein; P = total phosphorus; DP = digestible phosphorus; GE = gross energy;
DE = digestible energy; DP/DE = digestible protein-to-digestible energy ratio. * TGC and body weight expo-
nents adjusted according to the recommendations of Dumas et al. [34]. ** Feeds used during the cultivation cycle
of tilapia in the studied commercial fish farm based on databases from Montanhini Neto and Ostrensky [47]
and Bueno et al. [20].

3.2.3. Zootechnical Performance

The fish performance parameters evaluated throughout the entire production cycle
demonstrated final biomass values of 35 + 9.8, 84 + 7.9, and 97 &+ 15.4 kg/ mS3, with feed
conversion ratios of 1.41, 1.70, and 1.83, respectively. This resulted in a feed efficiency of
0.74, 0.65, and 0.61 for the respective JVI, JVII, and MWt phases (Table 3).

Table 3. Performance parameters of tilapia in net cages in the aquaculture area of the Chavantes
reservoir, Sao Paulo, Brazil, for the production phases Juvenile I (JVI), Juvenile II (JVII), and market

weight (MW).
Parameters JVI Jvil MWt

IBW (g) 30+ 5.8 152 + 4.1 506 + 9.3

FBW (g) 152 + 4.1 506 + 9.3 842 +£55

DWG (g/fish/day) 23418 31423 50421

MO (%) 6.4+57 34421 22435

FB (kg/m?) 35498 84+79 97 +15.4
FCR (feed: weight gain) 1.41 +1.47 1.70 £ 0.90 1.83 £1.10
FE (weight gain: feed) 0.74 + 0.89 0.65 & 1.10 0.61 £ 1.56

IBW = initial body weight; FBW = final body weight; DWG = daily weight gain (g/fish/day); MO = mortality;
FB = final biomass; FCR = feed conversion ratio (feed gain); FE = feed efficiency (weight gain).

3.3. Measurement of the Potential Waste Release into the Aquatic Environment
3.3.1. Prediction of Fish Biomass to Be Produced in the Enterprise Through Thermal
Growth Coefficient Modeling

The predicted body growth values and the adjustment of the growth relationship were
determined through a residual sum analysis using actual field data. During the Juvenile
I phase (30-150 g), the revised TGC was 1.147, with an exponential coefficient of 0.5332.
The residual sum of squares (RSS) values for this phase were 88 and 37 for the original
and revised TGC models, respectively. In the Juvenile II phase (150-500 g), the original
TGC decreased to 0.116, while the revised TGC significantly increased to 12.870, with an
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exponential coefficient of 0.9501. The RSS values for this phase were 1.554 (original TGC)
and 7.729 (revised TGC). Finally, in the market weight phase (500-850 g), the original TGC
was 0.109, the revised TGC increased to 19.122, and the exponential coefficient was 0.8532.
The corresponding RSS values for this phase were 1.039 and 1.202, respectively. These
results demonstrate a progressive refinement of the growth model across different fish
growth phases, highlighting the improved accuracy of the revised TGC model, particularly
in later growth stages. The TGC model estimated growth trajectories.

3.3.2. Nutritional Bioenergetics Modeling to Define Phosphorus Release from Aquaculture

The chemical composition and nutrient digestibility of commercial diets with dif-
ferent phosphorus levels were used to simulate the phosphorus waste released into the
aquatic environment under diverse climatic conditions (Table 2). The low-, medium-,
and high-energy-density feeds contained phosphorus levels of approximately 0.8%, 1.2%,
and 2.1%, respectively.

Considering the realities of the studied aquaculture area (feed containing 1.2% phos-
phorus), producing one ton of O. niloticus in cage systems at temperatures of 21 °C, 25 °C,
and 29 °C required the release of 5.37, 7.81, and 8.63 kg of total phosphorus into the water,
respectively (Table 4). Under the same temperature conditions, reducing the feed’s phos-
phorus content to 0.8% meant that 3.28, 4.99, and 5.17 kg of phosphorus per ton of fish
produced would be released into the environment, which is, on average, 1.6 times less phos-
phorus. These results were obtained through simulations of phosphorus waste release into
the aquatic environment using various commercial feeds (Table 4). Therefore, it was possi-
ble to compile the primary data inputs in the factorial bioenergetics model and determine
the phosphorus retention and excretion rates for each weight category of tilapia produced
in the cage systems, taking into account different climatic and zootechnical scenarios.

Table 4. Simulations of waste release into the aquatic environment for the production of one ton of
Oreochromis niloticus in net cages in the aquaculture area of the Brazilian Chavantes reservoir under
different climatic and zootechnical scenarios.

0.8% P total 1.2% P Total * 2.1% P Total
Temperature Temperature Temperature

21°C 25°C 29°C 21°C 25°C 29°C 21°C 25°C 29°C

Phosphorus
Phosphorus Intake (g/fish) 7.65 1032 1013 974 1314 1359 19.19 2591 2550
Digestible Phosphorus Intake (g/fish) 443 5.98 5.89 5.58 7.53 778 10.67 1441 14.38
Phosphorus Retention (g/fish) 4.36 533 4.96 4.36 533 4.96 4.36 5.33 4.96

Phosphorus Through Gills and Urinary (g/fish) 0.07 0.64 0.93 1.22 2.20 2.82 6.31 9.08 9.42

Phosphorus in Feces (g/fish)
Solid Waste from Farming
Total Phosphorus (kg/t)

3.22 4.34 424 4.16 5.61 5.81 8.52 11.50 11.12

3.22 4.34 4.24 4.16 5.61 5.81 8.52 11.50 11.12

Total Waste (Solid + Dissolved)

Total Phosphorus (kg/t)

3.28 4.99 5.17 5.37 7.81 8.63 14.83 20.58 20.54

Brazilian National Water and Basic Sanitation Agency (ANA) Data

Total Phosphorus (kg/t)

3.90 3.90 3.90 9.82 9.82 9.82 2422 2422 2422

Phosphorus Retained in Fish (kg/t) 9.38 9.38 9.38 9.38 9.38 9.38 9.38 9.38 9.38

* Waste discharge scenarios corresponding to the feed used in the aquaculture area of the Chavantes reservoir, SP,
Brazil.

3.4. Determination of Environmental Carrying Capacity for Tilapia Production Based on
Phosphorus Concentration and Release into Water Under Different Climatic, Zootechnical, and
Environmental Scenarios

The ECC and the maximum allowable fish production in the Chavantes reservoir
varied under different operational scenarios for the reservoir. A drop in water level, shift-
ing the operation from maximum to medium capacity, resulted in a 13.32% reduction in
ECCp—from 39,767 to 34,468 —equivalent to 5298 fewer tons of fish per year (Table 5).
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With a further decrease in water level, as the reservoir moved from medium to mini-
mum operational capacity, the ECCp declined by an additional 7.66%, corresponding to
2641 fewer tons of fish per year.

Table 5. Environmental carrying capacity scenarios for phosphorus (ECCp) with simulations of the
maximum phosphorus load and the maximum allowable fish production in the Chavantes reservoir
and the studied aquaculture area under different climatic and zootechnical scenarios.

Maximum Minimum Maximum Minimum
q q Operational Level Operational Level =~ Operational Level =~ Operational Level
Lszgate e avel | ©ae o | ElEin (SIPOT Standard) (SIPOT Standard) (Fartura—A.R.) (Fartura—A.R.)

Scenario 01 Scenario 02 Scenario 03 Scenario 04 Scenario 05

Elevation (m) * 474.00 470.29 465.23 472.60 467.90
Area (km?) ** 402.53 349.12 301.78 387.32 333.98
Volume (hm?) ** 8795 7368 5754 8321 6669
Average inflow rate—Qmlt (m®/s) * 400.00 346.94 322.36 400.00 170.00
Average depth at the elevation considered—z (m) 21.85 21.10 19.07 21.48 19.97
Residence time—td (years™!) 0.697 0.673 0.566 0.660 1.244
Residence time—td (days) 254.48 245.79 206.59 240.77 454.03
Water renewal rate in the reservoir—p (years’l) 0.045 0.047 0.056 0.048 0.025
A[P] (mg/m®) *** 5.00 5.00 5.00 5.00 5.00
Phosphorus retention coefficient—R **** 0.760 0.760 0.759 0.761 0.761
Zootechnical Data for the Studied Specie

P feed (kg/t)—Pr (1% P—total) 10.00 10.00 10.00 10.00 10.00
P retained in fish (kg/t)—Pp ***** 9.38 9.38 9.38 9.38 9.38
P released into water (kg/t)—Pa 6.62 6.62 6.62 6.62 6.62
FCR 1.60 1.60 1.60 1.60 1.60
Maximum load of the reservoir Lr (kg/year) 263,258.87 210,697.50 263,899.58 112,156.34

Maximum fish production B (t/ano)—ANA 39,767.20 34,468.83 31,827.42 39,863.99 16,942.05

Environmental Carrying Capacity for P (ECCp) in the Aquaculture Area (UHE Chavantes—Fartura)
Feed with 1.2% P and water temperature of 21 °C! Scenario 21 Scenario 22 Scenario 23 Scenario 24 Scenario 25

Water temperature (°C) 21 21 21 21 21
P feed (kg/t)—Pr (1.2% P—total) 12.00 12.00 12.00 12.00 12.00
P retained in fish (kg/t)—Pp 4.09 4.09 4.09 4.09 4.09
P released into the water (kg/t)—Pa 5.37 5.37 5.37 5.37 5.37
- x 4 —
New maximum fish production (/year)—1.2% P 21 48,980.30 42,454.43 39,201.06 49,099.51 20,867.11
Feed with 1.2% P and water temperature of 25 °C ! Scenario 26 Scenario 27 Scenario 28 Scenario 29 Scenario 30
Water temperature (°C) 25 25 25 25 25
P feed (kg/t)—Pr (1.2% P—total) 12.00 12.00 12.00 12.00 12.00
P retained in fish (kg/t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 7.81 7.81 7.81 7.81 7.81
- x 4 —
ONCeW st R pripdlicdiion (e = 28 33,719.52 29,226.91 26,987.20 33,801.59 14,365.55
Feed with 1.2% P and water temperature of 29 °C ! Scenario 31 Scenario 32 Scenario 33 Scenario 34 Scenario 35
Water temperature (°C) 29 29 29 29 29
P feed (kg/t)—Pr (1.2% P—total) 12.00 12.00 12.00 12.00 12.00
P retained in fish (kg /t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 8.63 8.63 8.63 8.63 8.63
- x 4 —
AT AD I T DU Py 30,514.15 26,448.61 24,421.80 30,588.41 12,999.96

°C

Water level categories are indicated by the colors of the letters and numbers: Maximum Operational Level (green),
Medium Operational Level (yellow), and Minimum Operational Level (red). A.R. = Accumulation Reservoir.
1 Scenarios with the real situation of the studied aquaculture area. * In the Medium Operational Level scenario
(SIPOT Standard), the values of quotas and flows correspond to the average of historical data from the UHE
Chavantes from 2010 to 2021, provided by the Brazilian National Interconnected System (SIN)—ONS. In the
Maximum and Minimum Operational Level scenarios (UHE Chavantes—Fartura), the values of quotas and flows
were taken from the work of Nogueira et al. [29] corresponding to the specific region of Fartura, SP (approximately
25 km from the aquaculture enterprise evaluated in this study). ** In the Operational Medium Level scenario
(SIPOT Standard), the area and volume values correspond to the average value of UHE Chavantes as presented
in the ANA metadata catalog [38] (Table 8-3—Elevation vs. x Area vs. Volume curves revised in 2016, p. 29).
In the Maximum and Minimum Operational Level scenarios (UHG Chavantes—Fartura), the area and volume
values correspond to the respective quotas as presented in the Technical Report [38] (Appendix—Elevation vs.
Area vs. Volume curves revised in 2016, p. 56 and 67). *** Lr = Eq. 11 [36]. (A[P] * Vmin * (1/td))/(1 — R) [36].
*#* R = Eq. 08 [39]. 0.761*(1 — EXP(—0.0282*(td x 365))) [39]. ***** Pr: common market values. Pp: [48].

The comparison between the standard SIPOT ECCp scenario and the specific sce-
nario for the Fartura region, under minimum operational reservoir conditions, revealed a
46.77% reduction in the maximum phosphorus load, corresponding to 14,885 fewer tons
of fish production per year. This reduction was determined by the difference between
31,827.42 tons (scenario 3) and 16,942.05 tons (scenario 5) (Table 5). The 46.77% reduc-
tion was calculated based on the proportional relationship between these values (Table 5
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and complete in Appendix A). Regarding the studied aquaculture area, using feeds with
higher phosphorus content under different water temperatures was observed to reduce the
maximum allowable fish production when compared to the calculation made by the ANA
using standardized zootechnical data for tilapia production (scenarios 01-05). This was
evident in scenarios 06-50, developed using data input obtained by modeling the TCG and
nutritional bioenergetics. Considering the reality of the studied aquaculture system (1.2% P
in feed, scenarios 21-35), at a temperature of 21 °C, the maximum allowable production
in the reservoir increased by 23% compared to that calculated by the ANA. However, at
a temperature of 29 °C, production decreased by 23%. Furthermore, depending on the
water temperature, the high-energy-density feed (2.1% P) resulted in a 2-3 times reduction
in output.

3.5. Assessment of the Trophic State Index (TSI)

Throughout the tilapia production cycle, the aquaculture area predominantly exhibited
an oligotrophic state, with TSI values ranging from 4 to 32. Notably, the water was classified
as ultraoligotrophic during January and February, indicating even lower nutrient levels.
These results suggest that aquaculture production did not influence the trophic status of
this reservoir area during the study period.

3.6. Analyses for Decision-Making and Management of Water Use Permits for Tilapia Production
in the Chavantes Reservoir

Probability of ECCp Scenario Occurrence Using a Monte Carlo Simulation

Overall, the MCS indicated a 90% likelihood that phosphorus release into the water
would exceed 6.62 kg/ton, a value adopted by ANA for calculating the maximum allowable
fish production in the reservoir. This estimate arose from the difference between the
95% and 5% percentiles, as only 5% of the simulations produced values below 6.62 kg/t
(Table 6). However, a 50% probability was noted for fish production to fall within the
values calculated by the ANA (scenarios 01-04).

Table 6. Monte Carlo simulation analysis (MCS) with 10,000 random interactions for the variables of
phosphorus released into the water (Pa) and the maximum fish production (B) in the SIPOT standard
and Fartura A.R. scenarios.

Scenarios Standard SIPOT Scenarios Fartura A.R.

Indicators Pa(kg/t) B(t/yearano) Pa(kg/t) B(t/year)
Mean 11.29 23,464.22 11.26 18,853.36
SD 3.89 9023.57 3.86 8494.87
Mode 10.81 14,860.73 8.80 16,314.97
Median 10.77 21,712.15 10.77 17,123.32
Percentile
5% 5.77 12,602.43 5.75 8543.75
25% 8.43 16,895.06 8.35 12,688.45
50% 10.77 21,712.15 10.77 17,123.32
75% 13.79 27,859.08 13.74 23,145.00
95% 18.42 40,840.71 18.38 35,225.67

P released into water (Pa Standard ANA)—6.62 kg/t
Probability 95%; SD = standard deviation.

Considering the standard SIPOT scenarios, to produce one ton of tilapia with an aver-
age weight of 850 g, the simulation demonstrated a 50% probability that phosphorus release
into the water would nearly reach 10.77 kg, corresponding to 21 out of the 30 scenarios
developed and the production of 21,712.15 tons of fish per year. In the specific scenarios for
Fartura, although the simulation did not show significant differences in phosphorus release
into the water compared to the SIPOT standard scenarios, there was a 50% probability that
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the maximum allowable fish production in the reservoir would be reduced from 21,712.15
to 17,123.32 (~21%).

These results allowed us to develop a probability and productivity capacity map for the
Chavantes reservoir (Figure 4). On average, 50% of the scenarios fell within the productive
range of 22,000-50,000 tons of fish per year, representing the average tilapia production
capacity in this aquatic environment, based on variations in phosphorus discharge and fish
production across hydrological, dietary, and climatic conditions.

Probability of occurrence of ECCp scenarios (%)

.....

3.28

5,449.58

)

75% 50% 25% 5% p (%)

95%
75%
50%

Fartura 25%

p=10%

p=10%

5%

20,080.23 30,980.77 60,252.68 80,336.90

Maximum authorized tilapia production at the Chavantes HPP (t/year)

Low | MediumLow | Medi | Medium Hight | Hight | Very Hight |

| Very Low |

["] siPoT scenarios

|:| ANA Standard® . Current production

|:| Fartura Scenarios — A.R.
scenario (23,180 t/year)

O Production (t/ano) O Phosphorus (kg/t)

Figure 4. Map of the probability of occurrence of the 50 ECCp scenarios and the maximum authorized
tilapia production in the Chavantes reservoir (SP, Brazil), considering phosphorus concentration and
discharge into the water. The x-axis (bottom) displays the maximum authorized fish production
(t/year), while the x-axis (top) shows the probability (%) of achieving that production level. The y-axis
(left) represents phosphorus discharge per ton of fish produced (kg/t), and the y-axis (right) shows
the probability (%) of that phosphorus release occurring. * Standard value used by the ANA for
calculating the carrying capacity and maximum allowable fish production in the reservoir. Scenarios
1 to 5: developed according to the standard value used by the ANA for phosphorus discharge into
the water resulting from fish production. p = 10%: probability that the phosphorus discharge into the
water is equal to 6.62 kg/t. p = 50%: probability of occurrence of the standard SIPOT and Fartura
scenarios—A.R. At: Current scenario with a productive capacity of 23,180 tons of fish per year [49].

4. Discussion

The main findings of this study demonstrated that the new approach used for mod-
eling the ECCp effectively predicted the maximum allowable production of Nile tilapia
(O. niloticus) in the Chavantes reservoir under different climatic and zootechnical scenar-
ios. Phosphorus retention by the fish varied depending on the phosphorus content in the
feed and water temperature, with higher retention observed in feeds with lower phos-
phorus levels (0.8%) and at cooler water temperatures (21 °C). The MCS employed to
estimate the maximum permissible phosphorus load indicated a potential production
range of 22,000-50,000 tons of tilapia per year, depending on climatic conditions. These
findings highlight the importance of adjusting feed formulations and management prac-
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tices in response to environmental conditions to optimize production while minimizing
environmental impact, particularly in terms of phosphorus release, a key contributor
to eutrophication.

The study region is characterized by rainy summers, dry winters, and an average
temperature above 22 °C during the hottest month, as classified by Koéppen [50]. This
climatic variability directly affects tilapia growth rates and feed efficiency, which, in turn,
influence phosphorus excretion into the water. The air temperature fluctuates between
28 °C in March and 17 °C in August. The most favorable months for tilapia production
are from December to June, when higher temperatures promote better fish growth. How-
ever, water quality must also be considered during the peak production months. These
seasonal variations in temperature and water quality not only affect fish growth and feed
conversion efficiency but also influence the environmental carrying capacity (ECCp) of the
reservoir. This highlights the necessity for a modeling approach that combines climatic
and operational variability to ensure sustainable production while minimizing potential
environmental impacts.

The water quality in the aquaculture area of the Chavantes reservoir remained
within acceptable limits for tilapia production. Other authors [30,51] reported sim-
ilar water quality conditions in cage systems within neotropical reservoirs, achiev-
ing satisfactory zootechnical performance for O. niloticus. Throughout this study, to-
tal phosphorus concentrations remained mainly within the limits established by the
CONAMA (50 mg/m3 for Class IT waters) [40], except for two months, when they reached
60.54 and 71.10 mg/m?>. Despite these temporary increases, water quality parameters sug-
gested stable fish farming conditions.

Moreover, the trophic state index (TSI) remained predominantly oligotrophic through-
out the production cycle, suggesting that aquaculture activities did not contribute to
increased trophic levels in the study area. This contrasts with findings from other neotrop-
ical reservoirs, where intensive fish farming has been linked to greater eutrophication
risks [47,52]. Even during peak biomass and feed consumption periods, TSI values did
not show a shift toward mesotrophic or eutrophic conditions, indicating that localized
hydrodynamics and reservoir management effectively mitigate potential impacts from
aquaculture operations.

Although feed provision is the primary factor influencing phosphorus levels in aqua-
culture [10], the observed increase in phosphorus levels in this study may also have been
influenced by external anthropogenic activities, such as domestic effluent discharge and
local agricultural practices. Since the Chavantes reservoir is a multi-use environment,
identifying the primary source of phosphorus input remains challenging [29,53,54]. Spatial
and temporal variations in phosphorus concentrations were notable within the Chavantes
HPP, especially in areas influenced by tributary rivers [29].

During the production cycle, water temperatures in the Chavantes reservoir fluctu-
ated between 21 °C and 29 °C, with an average of 25.4 °C, which is close to the optimal
range for tropical fish growth (26-30 °C) [55]. Although O. niloticus can maintain regular
physiological activity at temperatures as low as 16 °C [56], higher temperatures can alter its
metabolic processes, resulting in increased phosphorus excretion and overall waste produc-
tion. Thus, variations in phosphorus discharge are directly influenced by feed composition
and water temperature. Integrating bioenergetic modeling into ECC calculations enables
the refinement of phosphorus excretion estimates and a more accurate assessment of the
environmental impact of tilapia farming, particularly in mitigating eutrophication.

Given that phosphorus excretion is strongly influenced by water temperature and
metabolic activity, the role of feed composition becomes equally crucial in determining
waste outputs. The three diets used in this study had a similar nutritional composition
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(~31% CP, ~90% DM, ~1.2% TP, and ~16 M]/kg GE). However, differences emerged be-
tween the manufacturer-reported compositions and those verified through laboratory
analyses. This discrepancy highlights the importance of rigorous study and quality control
of feed batches, as variations in nutrient content can impact both growth performance
and environmental waste outputs, particularly given that feed costs can account for up to
70% of total aquaculture production expenses [57-59]. Feeds with the highest phospho-
rus content (2.1% P) led to lower phosphorus retention and increased waste production,
particularly at 29 °C. These findings are consistent with prior research indicating that the
digestible phosphorus requirement of tilapia ranges from 0.4-0.8% [60-63]. Thus, reducing
phosphorus in feed decreases excretion and improved water quality significantly [64,65].

Beyond its impact on fish performance, feed management is a key factor in the envi-
ronmental sustainability of aquaculture. The release of uneaten feed and excreta into the
surrounding waters is a significant concern, as these externalities contribute to nutrient
accumulation and potential ecosystem imbalances [47,66]. Additionally, excess feed may be
consumed by wild fish or other organisms. Nobile et al. [67] and Brandao et al. [68] demon-
strated that wild fish consumed residual feed from aquaculture cages, thereby altering
their diet and trophic interactions. This suggests that aquaculture activities can influence
nutrient dynamics within the broader aquatic ecosystem.

Another critical factor influencing tilapia production is water temperature, which
directly affects fish performance and feed intake [66,69]. In this study, producing one ton
of tilapia at an average water temperature of 25 °C with feed containing 0.8%, 1.2%, and
2.1% phosphorus resulted in phosphorus retention rates of 51%, 40%, and 20%, respectively.
These results are consistent with those of Boyd et al. [70] and Osti et al. [71], who observed
that tilapia biomass retained between 40% and 46% of the phosphorus obtained from feed.
Reducing dietary phosphorus substantially lowers excretion rates and improved water
quality [2,72], making it a key strategy in sustainable aquaculture management.

Phosphorus plays a central role in eutrophication, one of the most concerning environ-
mental impacts of aquaculture in aquatic systems. Wang et al. [73] found that 70% of the
phosphorus from feed in salmon farming was released into the environment. In contrast,
Montanhini Neto and Ostrensky [47] reported that the production of one ton of tilapia re-
leased approximately 1040 kg of organic matter, 45 kg of nitrogen, and 14 kg of phosphorus
into the surrounding waters. Similar studies [51,52] have further shown that only a small
portion of the phosphorus (17-23%) is retained in fish biomass, with the remainder being
deposited in sediments (66%) or released into the water column (11%). These findings
demonstrate the significant environmental footprint associated with phosphorus discharge.

In this study, the phosphorus waste released into the water ranged from 3.3 to 20.5 kg
per ton of tilapia produced, depending on the feed composition and water temperature.
These results are comparable to those reported for Nile tilapia [51,74] and other species,
including Piaractus mesopotamicus, Oncorhynchus mykiss, Pangasianodon hypophthalmus, and
Penaeus vannamei, with phosphorus discharges ranging from 5.9 to 14.8 kg per ton [75-78].
This reinforces the strong connection between water temperature, feed quality, and waste
generation, highlighting the necessity of incorporating climatic and zootechnical factors
into growth modeling and waste simulations for aquaculture systems to reduce environ-
mental impacts. Furthermore, Montanhini Neto et al. [53] emphasized that water use
regulations must consider reservoirs that may already have phosphorus levels exceeding
the recommended thresholds or even be eutrophic. This highlights the necessity for envi-
ronmental policies tailored to the unique conditions of each water body, thereby ensuring
more targeted management and mitigation of phosphorus-related ecological risks.

The TGC model used in this study achieved an accuracy of 85.4% in predicting fish
biomass at different water temperatures. This model has been successfully applied in
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studies involving other fish species, such as Oncorhynchus mykiss and Salmo salar, as well
as other genetic varieties of O. niloticus [57,79,80]. These results reinforce the utility of
mathematical models in predicting growth and nutritional requirements when water
temperature is integrated into the calculations [20,35,81]. These factors are crucial for
accurate ECC calculations in aquaculture.

The results of this study suggest that the maximum estimated phosphorus load for
the Chavantes HPP could reach 263,258 kg/year under maximum operational condi-
tions (95% of the total water capacity). This would support a potential tilapia production
of 39,767 tons per year, representing a 71% increase in production capacity compared to
the 23,180 tons per year currently regulated by the ANA [49]. This substantial difference
indicates that the ECCp model employed in this study provides more accurate and reliable
estimates than current regulatory frameworks. Correia and Dias [82] emphasized that each
reservoir operated under unique conditions, influenced by various factors such as water
availability, discharge patterns, and climatic variability, which must be carefully considered
in ECCp calculations. Given that the Chavantes HPP is situated in a transitional climatic
zone, it is susceptible to fluctuations in temperature, precipitation, and wind patterns,
further complicating reservoir management.

This study also demonstrated that feeds with lower phosphorus content (0.8% TP),
used at 21 °C, 25 °C, and 29 °C, could lead to production increases of up to twice those
estimated by the ANA. Although the most substantial reduction in phosphorus discharge
occurred at 21 °C, this temperature is below the optimal thermal range for Nile tilapia,
which may potentially negatively affect growth and productivity. Thus, despite the en-
vironmental benefits of lower phosphorus emissions, this scenario might not represent
optimal conditions for fish welfare or economic performance. These findings highlight
the complexity involved in accurately estimating environmental carrying capacity and
emphasize the limitations of using static values for phosphorus content and ecological
factors in regulatory models, as evidenced by discrepancies of up to 80% between the ECCp
model and ANA calculations.

Reliance on outdated models by regulatory agencies [21,53,66] poses a significant
threat to sustainable fish production, particularly in tropical and neotropical reservoirs.
Relying on outdated, low-accuracy data for water use permits and public policy in major
aquaculture-producing countries such as Brazil poses significant environmental and finan-
cial risks to the entire aquaculture production chain. These concerns have been recognized
in the regulations governing operations in tropical and neotropical lakes and reservoirs.

The methodology used in this study attained 96% accuracy, as it compared the carrying
capacity estimated by the ECCp model with the maximum production limit set by the
federal regulatory system for freshwater aquaculture licensing for the Chavantes reservoir.
This high accuracy is attributed to the integration of multiple equations and the ability
to simulate diverse production scenarios by incorporating dynamic interactions among
zootechnical, climatic, and environmental factors. Additionally, the geographical location
of fish farms, particularly in large reservoirs with spatial and temporal complexity, plays a
crucial role in the accuracy of ECCp calculations [29,83,84].

When evaluating the main factors influencing the release of organic waste from a
commercial aquaculture farm, we found that producing one ton of tilapia at an average
temperature of 25 °C with feeds containing 0.8%, 1.2%, and 2.1% phosphorus resulted in
phosphorus retention rates of 51%, 40%, and 20%, respectively. These findings are consistent
with those of Boyd et al. [70] and Osti et al. [71], who estimated that tilapia biomass
recovered 40% and 46% of the phosphorus applied from feed, respectively. Additionally,
Hardy and Gatlin [72] observed a reduction of over 50% in fecal and excretory phosphorus
losses when dietary phosphorus was reduced, supporting this hypothesis. However,
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Bueno et al. [2] noted that fish can disperse unused nutrients from feed and organic matter
directly from cages into the surrounding waters, complicating effluent treatment. This
factor can significantly affect ECCp modeling by altering phosphorus concentrations in the
water used for these calculations.

Given these findings, evaluating ECCp in the Chavantes reservoir by separating
regions with dendritic and run-of-river characteristics resulted in more accurate carrying-
capacity modeling. A significant difference in carrying capacity and maximum fish pro-
duction was observed when comparing the two minimum operational scenarios of the
reservoir (SIPOT standard and Fartura—R.A.). This difference can be attributed to the lim-
nological and morphometric characteristics of the site, as the sheltered area of this reservoir
compartment experiences lower flow and longer water residence times, leading to higher
phosphorus concentrations. Despite an 85% increase in biomass and feed consumption
observed between January and February, phosphorus concentrations in the water declined
to ultraoligotrophic levels. This may be linked to wind events that promote the formation
of currents and waves, which interfere with water mass agitation, waste dispersion, and
the dissolution of atmospheric oxygen into the water [85].

When calculating 10,000 possible interactions for the ECCp, the phosphorus release
into the water from this production system showed a 50% probability of occurring near
10.77 kg to produce one ton of tilapia in the Chavantes reservoir, a value similar to those
observed in other studies [30,51,74]. In assessing the carrying capacity of eight reservoirs
along the Paranapanema River, Montanhini Neto et al. [53] estimated that the total nutrient
loads entering the environment were 78% organic matter, 65% nitrogen, and 72% phos-
phorus. They concluded that the ECC estimates for fish production in these environments
should be limited to 3.5 km?, with a potential annual production of less than 100,000 tons,
which represents one-fifth of the current values recommended by government agencies
that grant fish production permits in these environments [49]. This highlights the need to
implement more modern and accurate approaches that allow for effective evaluations of
ECC, considering the species’ characteristics for production, management conditions, and
climatic and limnological factors that affect water use, thereby permitting more efficient
processes for fish production in inland waters.

Aligned with this perspective, the ECCp framework was specifically designed for
cage farming of Nile tilapia (O. niloticus) in tropical and neotropical reservoirs, where
phosphorus is recognized as the key nutrient driving environmental impact. While its
structure allows for adaptation to other fish species and freshwater systems, its applicability
depends on the availability and accuracy of input data, such as limnological parameters
and species-specific bioenergetic values. In contexts where phosphorus is not the limiting
factor for eutrophication or where such data are not well established, the model may require
adjustments to ensure accurate estimations of the carrying capacity

Based on the findings of this study, adjusting production management to seasonal
and environmental variations can help fish farmers optimize zootechnical performance
while reducing phosphorus emissions. Strategies such as fractional feeding management,
the use of highly digestible feed ingredients, the application of enzymes like phytase,
and the incorporation of nano-structured nutrients have the potential to improve nutrient
utilization efficiency without compromising productivity. Additionally, integrating multi-
trophic aquaculture systems presents a promising approach to mitigating environmental
impacts. For policymakers, the ECCp model offers a more precise and adaptable tool for
environmental licensing, enabling decisions that more accurately reflect the ecological and
operational variability of aquaculture systems.
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5. Conclusions

The new modeling approach used in this study achieved a high level of precision (96%)
in estimating the environmental carrying capacity (ECC) for phosphorus in fish production
under different climatic conditions and production scenarios for tilapia (O. niloticus) reared
in cage systems within a neotropical reservoir. This framework can potentially be applied
to other fish species and regions by adjusting the specific parameters to reflect each species’
characteristics and the hydrographic and climatic conditions of the respective reservoirs
and lakes.

Results indicate that adjusting dietary phosphorus levels is a crucial strategy for
reducing environmental impact. Lower levels of digestible total phosphorus in feed, even
at higher water temperatures, can decrease phosphorus release into the environment by
as much as two times. This would lead to an increase in the ECC of fish production in
this setting.

On average, 50% of the ECCp scenarios and simulations based on phosphorus concen-
tration and release into the water fell within the productive range of 22,000 to 50,000 tons
of tilapia per year in the Chavantes reservoir, Sao Paulo. Given these results, this study
advocates adaptive management practices and the revision of public policies to mitigate
the environmental impact of phosphorus discharge, thereby ensuring the long-term sus-
tainability of aquaculture in tropical and neotropical regions.

While the proposed framework demonstrated high accuracy and consistency with
the existing literature, its applicability to other freshwater systems and fish species de-
pends on the availability of local data, as well as the specific limnological and operational
characteristics of each environment. Therefore, future studies should test the model in
various productive and environmental contexts, explore potential nonlinear interactions
among ecological variables, and validate its performance across diverse aquaculture set-
tings. Furthermore, the results underscore the importance of considering environmental,
zootechnical, and climatic factors in the development and implementation of studies on
carrying capacity approaches for sustainable aquaculture strategies. Striking a balance
among these aspects is crucial to ensure both ecological integrity and the long-term viability
and community acceptance of fish farming, particularly in areas with significant production
potential and environmental vulnerability.
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Abbreviations
[P] Phosphorus concentration in water
A Area

ABW Average body weight
ADC Apparent digestibility coefficient of phosphorus

ANA Brazilian National Water and Basic Sanitation Agency
B Annual fish production

BW Fish’s metabolic body weight

CP Crude protein

d Number of cultivation days

DDM Digestible dry matter

DE Digestible energy

DM Dry matter

Dpr Digestible protein

Dr Digestible phosphorus

DP/DE  Digestible protein to digestible energy ratio

DPW Dissolved phosphorus waste

DWG Daily weight gain

ECCp Environmental carrying capacity based on phosphorus

EI Energy intake

AR Accumulation reservoir

FB Final biomass

FBW Final body weight

FCR Feed conversion ratio

FE Feces

FE Feed efficiency

GE Gross energy

HeE Fish’s basal metabolism

HiE Caloric increment of feeding
HPP Hydroelectric power plant
IBW Initial body weight

JVI Juvenile I

Jvil Juvenile II

La Annual areal phosphorus load
Lr Phosphorus load in the entire reservoir
MCS Monte Carlo simulation

MO Mortality

MWt Market weight
OEMAS  State Environmental Agencies
ONS Brazilian National Electric System Operator
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p Total phosphorus

Pa Phosphorus released into the water
pH Hydrogen ionic potential

Pp Phosphorus retained in fish

Pr Phosphorus in feed

Pw Phosphorus in the water

R Phosphorus retention coefficient
RE Retained energy

RSS Sum of squares of residuals
SIPOT Brazilian Hydroelectric Potential Information System
T Water temperature

td Water residence time

TGC Thermal growth coefficient

TSI Trophic state index

TSW Total solid waste

UE Urinary excretion

\Y Volume

V4 Mean depth

ZE Branchial excretion

A[P] Phosphorus concentration

p Annual water renewal rate
Appendix A

Table Al. Environmental carrying capacity scenarios for phosphorus (ECCp) with simulations of the
maximum phosphorus load and the maximum allowable fish production in the Chavantes reservoir
and the studied aquaculture area, under different climatic and zootechnical scenarios.

Maximum Minimum Maximum Minimum
Operational Operational Operational Operational
Reservoir Water Level | Operational Status Level (SIPOT Level (SIPOT Level Level
Standard) Standard) (Fartura—A.R.) (Fartura—A.R.)

Scenario 01 Scenario 02 Scenario 03 Scenario 04 Scenario 05
Elevation (m) * 474.00 470.29 465.23 472.60 467.90
Area (km?) ** 402.53 349.12 301.78 387.32 333.98
Volume (hm®) ** 8795 7368 5754 8321 6669
Average inflow rate—Qmlt (m3/s)* 400.00 346.94 322.36 400.00 170.00
Average depth at the elevation considered—z (m) 21.85 21.10 19.07 21.48 19.97
Residence time—td (years) 0.697 0.673 0.566 0.660 1.244
Residence time—td (days) 254.48 245.79 206.59 240.77 454.03
Water renewal rate in the reservoir—p (years) 0.045 0.047 0.056 0.048 0.025
A[P] (mg/m3) *** 5.00 5.00 5.00 5.00 5.00
Phosphorus retention coefficient—R **** 0.760 0.760 0.759 0.761 0.761
Zootechnical Data for the Studied Specie
P feed (kg /t)—Pr (1% P—total) 10.00 10.00 10.00 10.00 10.00
P retained in fish (kg /t)—Pp ***** 9.38 9.38 9.38 9.38 9.38
P released into water (kg/t)—Pa 6.62 6.62 6.62 6.62 6.62
FCR 1.60 1.60 1.60 1.60 1.60
Maximum load of the reservoir Lr (kg/year) 263,258.87 210,697.50 263,899.58 112,156.34
Maximum fish production B (t/ano)—ANA 39,767.20 34,468.83 31,827.42 39,863.99 16,942.05
Feed with 0.8% P and water temperature of 21 °C Scenario 06 Scenario 07 Scenario 08 Scenario 09 Scenario 10
Water temperature (°C) 21 21 21 21 21
P feed (kg /t)—(0.8% P—total) 8.00 8.00 8.00 8.00 8.00
P retained in fish (kg/t)—Pp 4.09 4.09 4.09 4.09 4.09
P released into the water (kg/t)—Pa 3.28 3.28 3.28 3.28 3.28
New maximum fish production (t/year)—0.8% P 21 °C 80,141.85 69,464.18 64,141.00 80,336.90 34,142.88
Feed with 0.8% P and water temperature of 25 °C Scenario 11 Scenario 12 Scenario 13 Scenario 14 Scenario 15
Water temperature (°C) 25 25 25 25 25
P feed (kg/t)—(0.8% P—total) 8.00 8.00 8.00 8.00 8.00
P retained in fish (kg/t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 4.99 4.99 4.99 4.99 4.99

New maximum fish production (t/year)—0.8% P 25 °C 52,775.75 45,744.19 42,238.72 52,904.19 22,484.08
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Table Al. Cont.

Maximum Minimum Maximum Minimum
Operational Operational Operational Operational
Reservoir Water Level | Operational Status Le\};e] (SIPOT Legel (SIPOT pLevel pLevel

Standard) Standard) (Fartura—A.R.) (Fartura—A.R.)
Feed with 0.8% P and water temperature of 29 °C Scenario 16 Scenario 17 Scenario 18 Scenario 19 Scenario 20

Water temperature (°C) 29 29 29 29 29
P feed (kg/t)—(0.8% P—total) 8.00 8.00 8.00 8.00 8.00
P retained in fish (kg/t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 5.17 5.17 5.17 5.17 5.17
New maximum fish production (t/year)—0.8% P 29 °C 50,906.54 44,124.03 40,742.71 51,030.43 21,687.74
Feed with 1.2% P and water temperature of 21 °C! Scenario 21 Scenario 22 Scenario 23 Scenario 24 Scenario 25
Water temperature (°C) 21 21 21 21 21
P feed (kg/t)—Pr (1.2% P—total) 12.00 12.00 12.00 12.00 12.00
P retained in fish (kg/t)—Pp 4.09 4.09 4.09 4.09 4.09
P released into the water (kg/t)—Pa 5.37 5.37 5.37 5.37 5.37
New maximum fish production (t/year)—1.2% P 21 °C 48,980.30 42,454.43 39,201.06 49,099.51 20,867.11
Feed with 1.2% P and water temperature of 25 °C! Scenario 26 Scenario 27 Scenario 28 Scenario 29 Scenario 30
Water temperature (°C) 25 25 25 25 25
P feed (kg/t)—Pr (1.2% P—total) 12.00 12.00 12.00 12.00 12.00
P retained in fish (kg/t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 7.81 7.81 7.81 7.81 7.81
New maximum fish production (t/year)—1.2% P 25 °C 33,719.52 29,226.91 26,987.20 33,801.59 14,365.55
Feed with 1.2% P and water temperature of 29 °C! Scenario 31 Scenario 32 Scenario 33 Scenario 34 Scenario 35
Water temperature (°C) 29 29 29 29 29
P feed (kg/t)—Pr (1.2% P—total) 12.00 12.00 12.00 12.00 12.00
P retained in fish (kg/t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 8.63 8.63 8.63 8.63 8.63
New maximum fish production (t/year)—1.2% P 29 °C 30,514.15 26,448.61 24,421.80 30,588.41 12,999.96
Feed with 2.1% P and water temperature of 21 °C Scenario 36 Scenario 37 Scenario 38 Scenario 39 Scenario 40
Water temperature (°C) 21 21 21 21 21
P feed (kg/t)—Pr (2.1% P—total) 21.00 21.00 21.00 21.00 21.00
P retained in fish (kg/t)—Pp 4.09 4.09 4.09 4.09 4.09
P released into the water (kg/t)—Pa 14.83 14.83 14.83 14.83 14.83
New maximum fish production (t/year)—2.1% P 21 °C 17,754.40 15,388.90 14,209.62 17,797.61 7563.92
Feed with 2.1% P and water temperature of 25 °C
Water temperature (°C) 25 25 25 25 25
P feed (kg/t)—Pr (2.1% P—total) 21.00 21.00 21.00 21.00 21.00
P retained in fish (kg/t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 20.58 20.58 20.58 20.58 20.58
New maximum fish production (t/year)—2.1% P 25 °C 12,791.53 11,087.26 10,237.62 12,822.66 5449.58
Feed with 2.1% P and water temperature of 29 °C
Water temperature (°C) 29 29 29 29 29
P feed (kg/t)—Pr (2.1% P—total) 21.00 21.00 21.00 21.00 21.00
P retained in fish (kg/t)—Pp 5.00 5.00 5.00 5.00 5.00
P released into the water (kg/t)—Pa 20.54 20.54 20.54 20.54 20.54
New maximum fish production (t/year)—2.1% P 29 °C 12,816.32 11,108.74 10,257.46 12,847.51 5460.15

Water level categories are indicated by the colors of the letters and numbers: Maximum Operational Level (green),
Medium Operational Level (yellow), and Minimum Operational Level (red). A.R. = Accumulation Reservoir.
Scenarios with the real situation of the studied aquaculture area. * In the Medium Operational Level scenario
(SIPOT Standard), the values of quotas and flows correspond to the average of historical data from the UHE
Chavantes from 2010 to 2021, provided by the Brazilian National Interconnected System (SIN)—ONS. In the
Maximum and Minimum Operational Level scenarios (UHE Chavantes—Fartura), the values of quotas and flows
were taken from the work of Nogueira et al. [29] corresponding to the specific region of Fartura, SP (approximately
25 km from the aquaculture enterprise evaluated in this study). ** In the Operational Medium Level scenario
(SIPOT Standard), the area and volume values correspond to the average value of UHE Chavantes as presented in
the ANA metadata catalog [38] (Elevation vs. Area vs. Volume curves revised in 2016, p. 29). In the Maximum
and Minimum Operational Level scenarios (UHG Chavantes—Fartura), the area and volume values correspond
to the respective quotas as presented in the Technical Report [38] (Elevation vs. Area vs. Volume curves revised in
2016, p. 56 and 67). *** Lr = Eq. 11 [36]. **** R = Eq. 08 [39]. **** Pr: common market values. Pp: [48].
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